Warfarin is primarily metabolized by cytochrome 2C9, encoded by gene CYP2C9. Here, we investigated whether variants in nuclear receptor genes which regulate the expression of CYP2C9 are associated with warfarin response. We used data from 906 warfarin users from the Quebec Warfarin Cohort (QWC) and tested the association of warfarin dose requirement at 3 months following the initiation of therapy in nine nuclear receptor genes: NR1I3, NR1I2, NR3C1, ESR1, GATA4, RXRA, VDR, CEBPA, and HNF4A. Three correlated SNPs in the VDR gene (rs4760658, rs11168292, and rs11168293) were associated with dose requirements of warfarin (P = 2.68 × 10 −5 , P = 5.81 × 10 −4 , and P = 5.94 × 10
Introduction
Despite the approval and availability of novel oral anticoagulants in recent years, warfarin still remains a commonly prescribed oral anticoagulant [1] . Optimal anticoagulation with warfarin, however, is difficult to attain owing to its narrow therapeutic window and highly complicated pharmacokinetics and pharmacodynamic profile. Moreover, there is a marked inter-individual variability in response to warfarin and in the dose required to achieve the desired therapeutic effect, defined by an international normalized ratio (INR) between 2 and 3 or 2.5 and 3.5 for most indications [1] . The clinical importance of this variability is that sub-therapeutic and supra-therapeutic INRs are associated with high risk of thromboembolic and hemorrhagic events, respectively [2, 3] . Warfarin dose requirement is influenced by numerous genetic and clinical factors [4] [5] [6] ; however, genetic variation explains the largest proportion of the variability in maintenance dose among all known determinants [7] . Specifically, the genetic variants of two genes have been consistently associated with warfarin dose requirements in different populations around the world and account for up to 40% of the variation in warfarin dose requirements [6] . VKORC1 is the gene encoding the warfarin target, i.e., vitamin K epoxide reductase complex subunit 1 and CYP2C9 is the gene encoding the main warfarin metabolizing enzyme, i.e., cytochrome P-450 2C9.
There is accumulating evidence that the constitutive expression, as well as xenobiotic-induced transcriptional activation of human CYP2C9 along with other important genes in the warfarin pharmacological pathway, i.e., CYP3A4, ABCB1, and epoxide hydrolase 1 (EPHX1), is primarily regulated through the interaction of a complex network of numerous ligand-dependent nuclear receptors (NRs) with their receptor elements in the promoter region of the genes [8] . The known regulators of CYP2C9 expression, include: the vitamin D receptor (VDR), pregnane X receptor (NR1I2), constitutive androstane receptor (NR1I3), retinoid X receptor alpha (RXRA), glucocorticoid receptor (NR3C1), estrogen receptor α (ESR1), hepatocyte nuclear factor 4α (HNF4α), CCAAT/enhancer-binding protein α (CEBPA), and GATA binding protein 4 (GATA4). It has been shown that the NR proteins are encoded by polymorphic genes and that genetic variations in NR genes are potentially associated with dysregulation of the CYP2C9 gene and dysfunction of the CYP2C9 enzyme [8] [9] [10] [11] .
The influence of genetic variants in NR genes on the warfarin dose requirement has only been investigated in a limited number of studies so far [12] [13] [14] and the pharmacogenetic effects attributable to specific NRs polymorphisms have not been comprehensively explored. In light of the possible impact of the disruption of the CYP2C9 gene expression via NR on CYP2C9 enzyme activity we here aim to investigate the association of NR polymorphisms on warfarin dosing requirements. Because the role of CYP2C9 genetic variants on the modulation of warfarin dose has already been well established, our study presents a unique assessment of the impact of nuclear receptor polymorphisms regulating CYP2C9 on a clinically measurable endpoint. Here, we evaluated nine NRs with known effects on CYP2C9 expression for genetic association with warfarin dose requirements using a large population of incident users of warfarin from the Quebec Warfarin Cohort (QWC).
Methods

Study population
The QWC is an observational, community-based, prospective cohort of new warfarin users, which aims to study the clinical, lifestyle, and genetic determinants of response to warfarin. The recruitment period extended over 3 years, from May 2010 and July 2013 during which, 1096 participants were recruited at the Montreal Heart Institute (MHI) and 17 additional anticoagulation clinics across the Quebec province of Canada. To be eligible for inclusion, patients had to be at least 18 years of age and had to have at least one indication for warfarin therapy for an expected duration of 12 months or more. Individuals with the following criteria were excluded from the study: anticoagulation treatment with warfarin for deep vein thrombosis, pulmonary embolism or isolated left ventricular thrombosis, at least one major bleeding episode, including gastrointestinal bleeding and hemorrhagic stroke, within the past 3 months, cirrhosis and chronic hepatitis, end stage renal failure, and cognitive impairment. Following a short face-to-face recruitment interview within 2 weeks of warfarin initiation, patients were followed-up for one year with five structured Based on NCBI build 37 of the human genome telephone questionnaires: one at baseline which occurred up to 2 weeks after warfarin initiation, followed by three follow-up questionnaires at 3, 6, and 9 months after warfarin initiation and one final questionnaire at the end of follow-up period at 12 months after warfarin initiation. At baseline, a detailed history documented data about selfreported race, demographics, education level, past medical history including cardiovascular comorbidities, tobacco and alcohol consumption, caffeine intake, level of physical activity, a dietary questionnaire, primary indication of warfarin therapy, target INR and warfarin initiation dose. Follow-up questionnaires collected data on lifestyle changes, adherence to treatment and warfarin discontinuation between the follow-up interviews. Warfarin dose requirements were reported by the patients at the follow-up interviews and were validated using hospital and pharmacy records. Patient health history was validated using governmental registry data from the RAMQ and MED-Echo in Quebec.
The study was performed under the terms of the Declaration of Helsinki. Also, the study protocol was approved by the local review boards or ethics committees and all patients gave written informed consent.
Genotyping
Genome-wide genotyping was performed at the BeaulieuSaucier Pharmacogenomics Centre, using the Illumina Infinium HumanOmni2.5-8v1.0 BeadChip (Illumina, San Diego, CA) and using the iPLEX ® ADME CYP2C9/ VKORC1 v1.0 Panel (Agena Inc., San Diego, CA). PyGenClean [15] version 1.2.4 and PLINK [16] version 1.07 were used for the quality checks (QC) and genetic data cleanup process. Quality control procedures included tests for deviation from Hardy-Weinberg Equilibrium, checks for sex mismatches, sample exclusion on the basis of relatedness using identity by descent testing and sample exclusion for call rate <98% (Supplementary File 2, Table 1 ). We used the first two principal coordinates from multidimensional scaling (MDS) analysis performed including the study samples and HapMap references samples to identify and exclude outliers from the main Caucasian cluster. Principal component analysis was performed using EIGENSOFT [15] on study samples to enable adjustment for possible population structure with the inclusion of the first four principal components. Imputation of additional SNPs was performed using IMPUTE2 software on the basis of phase 3 data from the 1000 Genome Project. We used a cut-off of 0.90 for imputed genotype quality score and a completion rate of 98% or higher. 12,118,013 genetic variants were imputed genome-wide and 5,699,306 (46.8%) variants had a MAF ≥5%. See methods in Supplementary File 2 for more details.
Gene selection
Nine NRs were selected based on the results of a literature search of the molecular mechanisms of CYP2C9 expression regulation: VDR, NR1I2, ESR1, RXRA, NR3C1, ESR1, HNF4α, CEBPA, and GATA4. Genetic variants with a minor allele frequency (MAF) >5% in the corresponding NR genes (n = 2423), as well as the common CYP2C9 and VKORC1 variants (CYP2C9 * 
Statistical analysis
Statistical analyses were performed using PLINK version 1.07 and SAS ® version 9.4 (SAS Institute Inc., Cary, NC). Sociodemographic, as well as clinical data are presented as mean ± standard deviation (SD), median, and range for continuous variables or frequency (percentages) for categorical variables. Generalized linear regression modeling (GLM) of the natural log (Ln) transformed dose of warfarin was used to test for the additive allelic effects of the candidate SNPs on the warfarin dose requirements. Warfarin dose requirement was defined as the reported daily dose at 3 months following initiation of warfarin. Imputed genotypes were coded according to probabilities d 1 , d 2 , and d 3 (for AA, AB, and BB genotypes) obtained from the imputation and converted to dosage values as
2)]×2, and varied between 0 and 2. The one-degree of freedom additive genetic test was used. Univariate analysis was performed using age, sex, body mass index, smoking status, alcohol consumption (number of drinks per week), vitamin K intake (number of servings of vitamin K-rich foods per week) [17] , baseline comorbidities (diabetes, hypertension, hyperlipidemia, and history of myocardial infarction or stroke), level of education (university, college, high school, or less), level of physical activity (inactive, light intensity, moderate intensity, hard intensity, and very hard) [18] , primary indication of warfarin therapy (paroxysmal or chronic atrial fibrillation, flutter, aortic or mitral replacement and mitral stenosis) and target INR (2.0-3.0 and 2.5-3.5). We considered variables with P < 0.10 from the univariate analysis as candidates for multivariable stepwise linear regression, and the variables with P < 0.05 were retained for the final models. In addition to the selected covariates, we added target INR and principal components C1-C4 which were forced into each final model. Adjusting for principal components is a wellestablished approach to prevent from possible confounder bias due to population stratification [15] . We further adjusted for CYP2C9 and VKORC1 metabolizer status phenotypes, determined according to the Clinical Pharmacogenetics Implementation Consortium guideline (CPIC; https://www.pharmgkb.org), using the common CYP2C9 and VKORC1 variants (CYP2C9*2, *3 and VKORC1 *2, *3 and *4). Accordingly, CYP2C9 metabolizer status was defined as extensive metabolizer (EM; *1/*1), intermediate metabolizer (IM; *1/*2 or *1/*3) and poor metabolizer (PM; *2/*2 or *2/*3 or *3/*3). VKORC1 metabolizer status was defined as high activity (HA; *1/*3 or *1/*4 or *3/*3 or *3/*4 or *4/*4), intermediate activity/extensive activity (IA/EA; *1/*1 or *1/*2 or *2/*3 or *2/*4), and poor activity (PA; *2/*2). The CYP2C9 and VKORC1 metabolizer status phenotypes were coded as: PM and PA: 0; IM or IA/EA: 1; and EM or HA: 2. For genetic association, a multiple-comparison adjusted significance threshold of P < 8.62 × 10 −4 was calculated according to Gao et al. [19] to take into consideration the non-independence of genetic variants. We also used GLM analysis to test for the association between warfarin dose requirements among the CYP2C9/VKORC1 metabolizer status phenotypes. To compare doses among the CYP2C9 phenotypes, the model was adjusted for age, sex, C1-C4, target INR, vitamin K intake, and VKORC1 metabolizer status phenotypes. The same covariates were used for comparison of doses among the VKORC1 phenotypes. GLM analysis was used to assess the association of SNP genotypes with warfarin dose, where genotypes were coded as 0, 1, and 2 according to the number of minor alleles and included in the model as a categorical variable. The genotypic model was adjusted for the same set of covariates as the allelic model. To help interpretation, mean warfarin doses are presented both as mean of Ln-transformed and as the antilog of mean of the Ln-transformed data representing the geometric mean in the original unit scale.
Results
The baseline characteristics of patients enrolled in the QWC are presented in Table 2 . Of 1096 patients who were originally enrolled in the cohort, 16 patients withdrew from the study, 52 patients stopped taking warfarin within the first 3 months of treatment, 97 patients were excluded from the analyses after genetic data cleanup (Supplementary File 2, Table 1 ), 24 patients were excluded due to missing data, and 1 patient was categorized as an outlier. The analyses were carried out on the remaining 906 patients (Fig. 1) . The mean (±SD) of warfarin dose requirement at the 3-month questionnaire was 4.73 ± 2.11 (median 4.29) mg/day with a large inter-individual variability among the study patients ranging between 0.79 and 13.21 mg/day. Genotype , sex (being female, β = −0.128, P = 1.21 × 10 −5 ), and vitamin K intake (β = 0.014, P = 0.018). Principal components C1-C4 to control for population stratification were added to the model as well as target INR which although only borderline significant, can influence target dose, as well as CYP2C9/VKORC1 metabolizer phenotypes, which are well-established predictors of warfarin dose requirements (Supplementary File 2, Table 2 ).
Association of CYP2C9/VKORC1 SNPs and CYP2C9/ VKORC1 phenotypes with warfarin dose
The multivariable linear regression additive genetic model for VKORC1 alleles *2 (P = 2.04 × 10 −62
), *3 (P = 3.00 × 10 ), as well as CYP2C9 alleles *2 (P = 2.70 × 10 −9 ) and *3 (P = 7.83 × 10 −17 ) passed our established significance threshold for association with warfarin dose requirement (Table 3 ). In addition, there was a significant difference in warfarin dose requirements among the CYP2C9 metabolizer status phenotypes (P = 4.10 × 10 −36
), so that the lowest dose of warfarin was required for PM, followed by IM and EM. Likewise, the VKORC1 metabolizer status phenotype was significantly associated with warfarin dose requirements in multivariable regression analysis (P = 4.63 × 10 −72 ), so that the lowest and highest doses of warfarin were required for PA and HA, respectively (Table 4) .
Association of NR gene polymorphisms and warfarin dose
The results of the linear regression additive genetic model for all selected NR gene polymorphisms are presented in Supplementary File 1. Of the 2423 SNPs studied, three VDR SNPs were identified to be associated with warfarin dose: rs11168292 (P = 5.94 × 10 −4 ), rs11168293 (P = ), and rs4760658 (P = 2.68 × 10 −5 ) ( Table 3 ).
The three VDR SNPs rs11168292, rs11168293, rs4760658 are in very tight linkage disequilibrium (r 2 > 0.97). The results of the genotypic association analyses showed that there was a significant difference in warfarin dose requirements among the genotypes of the identified SNPs in the VDR (P = 0.0026, P = 0.0025, and P = 0.0012 for rs11168292, rs11168293, and rs4760658, respectively), so that patients who were homozygous for the minor allele at either of the three identified SNPs, required higher doses of warfarin than heterozygotes and homozygotes of will-type alleles ( Table 5 ). As shown in Table 5 , mean warfarin doses were generally higher for homozygous carriers of the minor allele at the three VDR variants. For rs11168292, mean daily warfarin doses were 4.68, 4.44, and 4.16 mg per day for GG, CG, and CC individuals, respectively, for rs11168293 mean daily warfarin doses were 4.65, 4.44, and 4.16 mg per day for TT, GT, and GG individuals, respectively, and for rs4760658 mean daily warfarin doses were 4.65, 4.44, and 4.14 mg per day for GG, AG, and AA individuals, respectively. We have also considered the association of the three VDR variants with stable warfarin dose requirements at 3 months by excluding CYP2C9 and VKORC1 activity status from the list of adjustment variables. Results show that associations are strongly maintained with rs11168292 (Beta (SE) = 0.083 (0.022); P = 1.26 × 10 We have also tested for the allelic association of four out of five additional SNPs that have been previously reported in the literature [12] [13] [14] for association with warfarin dose (Table 3) . No significant association was detected between warfarin dose requirements and rs2501873 in the ESR1 (P = 0.486), rs2472682 in the NR1I2 (0.868), rs2645400 (P = 0.144), and rs4841588 (P = 0.402) in GATA4. Variant rs3212198 in the HNF4A was excluded from the analyses due to a low call rate. Similarly, combinations of the mentioned SNPs were not associated with warfarin dose INR International normalized ratio, SD standard deviation a Variables found in univariate analysis to be associated with warfarin dose (P < 0.10) Fig. 1 Flow diagram for patient inclusion in the study Table 3 Allelic association of VDR, VKORC1, CYP2C9 and previously reported variants associated with warfarin dose requirement requirement (data not shown). Previously known VDR polymorphisms FokI (rs2228570; P = 0.54), ApaI (rs7975232; P = 0.60), TaqI (rs731236; P = 0.16), and BsmI (rs1544410; P = 0.29) did not reach statistical significance, as shown in Supplementary File 1.
Discussion
In our study, we identified three SNPs in the nuclear receptor VDR gene associated with warfarin dose requirements at 3 months following initiation of therapy. To our knowledge, this is the largest prospective study to date examining the association of warfarin dose requirements focussed at variants of NR genes. This is also the most comprehensive study of its kind in that almost all NRs for which at least a functional role in the regulation of CYP2C9 (and other warfarin target genes) expression is known have been investigated. Our finding supports a recent report of an association between VDR polymorphisms and stable warfarin dose in patients with mechanical valves [20] . Our finding also contributes to the general understanding of the role that nuclear receptor polymorphisms can have on human drug metabolism as measured via a clinical endpoint. The human VDR nuclear receptor, the hormone vitamin D (vitamin D 3 or cholecalciferol) and the enzymes involved in the biosynthesis of the active form of the hormone (1,25 (OH) 2 D 3 or calcitriol), are the main components of the vitamin D endocrine system [21] . Beyond its wellrecognized impact on calcium and phosphate homeostasis and bone metabolism [22] , the system is essential for the maintenance and regulation of diverse biological processes including cell proliferation, differentiation and apoptosis, energy metabolic pathways including insulin-like growth factor signaling, and innate immune system. Dysregulation of the vitamin D system can be associated with an increased risk of hypertension, diabetes, viral or bacterial infections and inflammation-related diseases such as cancer and atherosclerosis [21, 23] . The ligand-activated VDR can control the basal and inducible expression of several CYP genes, particularly CYP3A4, CYP2B6 and CYP2C9 [24] [25] [26] [27] , as well as that of numerous additional drugmetabolizing enzymes of phase I and II of metabolism. VDR also contributes to the regulation of ABCB1, a gene involved in the pharmacokinetics of warfarin [1, 8] .
The human VDR gene (VDR) spans 100 kb on chromosome 12 (12q12-14) and contains two promoter regions, including six untranslated exon regions, eight coding exons, and seven introns [21] . Molecular-based epidemiological studies have identified several functional polymorphisms in the VDR [21] and have demonstrated that the variants can affect the function of the receptor by altering its affinity to vitamin D [28, 29] . VDR genetic variants have previously been associated with a number of diseases including pulmonary tuberculosis, diabetes, osteoporosis, asthma, ulcerative colitis, breast and female reproductive cancers, melanoma, systemic lupus erythematous and rheumatoid arthritis, Parkinson's disease, and coronary artery disease [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] . Pharmacogenetic studies have shown that VDR polymorphisms can modulate the response to a number of drugs including anti-tubercular and anti-psoriatic medications, anti-osteoporotic agents in postmenopausal women, interferon and ribavirin in patients with hepatitis C, vitamin D supplementation, and calcitriol [40] [41] [42] [43] [44] [45] [46] , as well as with statin-induced myopathy [47] . Nevertheless, the potential association between the variations in the VDR and response to warfarin therapy has never before been reported.
Our results suggest that part of the inter-individual variability in warfarin dose requirements could be explained in part by three common polymorphisms rs4760658, rs11168292, and rs11168293 in the VDR gene independently of established CYP2C9 and VKORC1 genotypes. The three VDR variants are in tight linkage disequilibrium and were found to be significantly associated with warfarin dose after 3 months of warfarin initiation such that the highest doses of warfarin were required in minor allele homozygotes, followed by heterozygotes and wild-type [48] . Variants rs11168292 and rs11168293 are involved in promoter histone marks in gastrointestinal tissues, and so is rs4760658 for an even larger number of tissues [49] . All three SNPs were previously reported to be associated for eQTL effects on the neighboring gene SLC48A1, with the minor alleles being associated with a decrease in eQTL gene expression levels (FDR P-values < 0.02) [50] .
Given a very large body of evidence demonstrating a consistent and strong association between the common genetic variants of CYP2C9/VKORC1 and warfarin dose [1] , our analyses were conducted by adjusting for CYP2C9/ VKORC1 activity status phenotypes yielded by regrouping of the CYP2C9*1-3 and VKORC1*1-4, as recommended by the CPIC. Our results on the associations of CYP2C9/ VKORC1 common variants and the CYP2C9/VKORC1 phenotypes with warfarin dose were in agreement with the previous literature [1, 51] , adding further support to the reliability of our data and findings.
Our results may be explained, in part, by considering that VDR is a modulator of CYP2C9 (also CYP3A4 and ABCB1) expression, and that the VDR polymorphisms could possibly modify the activity of the receptor; therefore, one could speculate that, compared with homozygotes of the wild-type allele, carriers of VDR polymorphisms could have an altered warfarin metabolism and, consequently, need an altered warfarin dose. However, the results of the present study did not corroborate an association between other NRs GATA4, ESR1, NR1I2, and HNF4α polymorphisms and warfarin dose, suggested by Moon et al. [12, 13] and Jeong et al. [14] . Indeed, in three separate research studies performed on a single population of 201 Korean patients with prosthetic cardiac valve, they found that GATA4 variants rs2645400 and rs4841588, rs2472682 in the NR1I2, and the combination of rs2501873 in the ESR1 and rs3212198 in the HNF4A, were marginally associated with warfarin dose requirements. None of those variants showed an association with warfarin dose in our cohort. The conflicting findings between those previous studies and ours may be partly attributable to different inclusion and exclusion criteria, sample sizes, and differing approaches and methods.
In the study by She et al. [52] , VDR variant rs11168292 was found to be associated with postmenopausal breast cancer in European women. Moreover, in a study by Dorjgochoo et al. [53] , VDR variant rs4760658 showed marginal association with breast cancer in Chinese women, but the association was lost after adjustment for covariates. Likewise, in two separate studies by Egan et al. [54] and Poynter et al. [55] , rs11168293 was not associated with colon adenoma recurrence and colorectal cancer, respectively.
Our study has some limitations that should be acknowledged. First, although our results passed a preestablished significance threshold for the designed candidate gene study with NRs, our findings do not meet the stricter significance criteria for genome-wide significance thresholds. To our defense, this genetic study is the first and only candidate gene study performed with the QWC. Our attempts at a genome-wide association study with warfarin dose requirements with the 1000 QWC participants only identified previously known genes VKORC1 and CYP2C9. This is explained largely by the size of the cohort, which may not be sufficiently powered for genome-wide association, where genetic variants have more modest effects. Future genome-wide studies with the QWC data would be valued as part of consortium and meta-analysis efforts. In addition, we did not assess whether the associated VDR variants influence serum vitamin D levels and whether those can be correlated with warfarin dose, an approach that would help validate the mechanism by which the identified variants may be modulating warfarin dose requirements. We also acknowledge that, as all patients recruited in the QWC are Caucasians and primarily of French-Canadian descent, further studies would be needed to confirm whether the association of the VDR variants with warfarin dose requirements can be generalized to other populations. Another limitation of our study is the lack of data on comedications, particularly for those drugs (exp. amiodarone) for which the interaction with warfarin is known to be significant. Although this data is in the process of being obtained from the governmental registries, it was not available at the time of analysis.
In conclusion, our findings suggest that certain VDR variants are associated with warfarin dose requirements independently of the influence exerted by CYP2C9 and VKORC1 polymorphisms. This finding underlines the impact of polymorphisms of this nuclear receptor gene on a clinically measurable endpoint. Additional genetic association studies are needed to validate these findings before they can be considered for clinical intervention studies.
